À2
. The in-plane lattice parameter increases by about 1.2% deep in the film due to larger Ba replacing smaller indium (In). The n-type conductivity is also detected at the surface, which may results from the N-deficiency. First-principles calculations show that holes at the surface, induced by Ba ion implantation, are compensated by extra electrons from the In adlayer. The p-type carriers dominate in the bulk layers, which is in good agreement with the experimental results. Among all III-nitride semiconductors, InN [1] [2] [3] [4] has attracted extensive research interests due to its highly attractive properties, including the lowest electron effective mass, high electron mobility, and saturation velocity. However, the as-prepared impurity-free InN is normally an n-type semiconductor resulting from native defects. For practical device applications, it is equally important to be able to effectively prepare p-type InN. Unfortunately, p-type InN is very difficult to prepare due to pinning of the Fermi stabilization energy above the conduction band edge. 5 This electron accumulation layer with higher mobility made it difficult to directly access the bulk properties of p-type InN. So far, only Mg doping has been theoretically studied by the highly precise full-potential linearized augmented plane-wave method (FLAPW), which can identify p-type InN.
6 P-type InN has been confirmed experimentally by capacitance-voltage, 7, 8 thermopower, 9, 10 and temperature-dependent Hall measurements.
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Our theoretical study of the divalent adsorbent atoms effect on InN surface showed [12] [13] [14] that Be atoms can substitute N atoms or remain on the sample surface and result in surplus n-type carriers. 13 On the other hand, Sr atoms can substitute the indium atoms in InN, or they are shown to be able to accumulate as interstitial defects to act as a source of compensation for p-type behavior.
14 Here, detailed experimental investigations on Ba-implanted InN together with first-principles calculations are reported to reveal the possibility of forming p-type InN other than Mg doping.
Ba ion implanted InN samples have been synthesized and characterized. In this study, InN layers were grown by metal organic chemical vapor deposition (MOCVD) on c-cut single crystal sapphire substrate with InGaN/GaN buffer layers. Trimethygallium (TMG), trimethylindium (TMI), and ammonia (NH 3 ) were used as the Ga, In, and N precursors during the MOCVD process, respectively. The as-grown InN films of about 30 nm thick (sample B0) were then implanted with Ba ions. The implantation energy was set to be 380 keV. Two set of samples with Ba dose of 2.5 Â 10 14 ions/cm À2 (sample B1) and 1 Â 10 15 ions/cm À2 (sample B2) were obtained. Subsequently, the two as-implanted samples are annealed in N 2 atmosphere at 180 C for 30 min. High resolution X-ray diffraction (HRXRD) measurements were then carried out on a Siemens D5000 diffractometer together with the use of the BL14B1 synchrotron radiation beamline at the Shanghai Synchrotron Radiation Facility. Room temperature photoluminescence (PL) spectra were obtained using a 325 nm He-Cd laser. Variable temperature Hall effect measurements were performed, which apply a 1 mA current in a magnetic field up to 1 T. Ohmic pressed-on In contacts were used with the van der Pauw configuration during the electrical property measurements.
In the HRXRD patterns shown in Fig. 1 (a), no Ba-related second phases could be detected in the two implanted samples within the experimental resolution. With the increase of Ba ion dose, only the diffraction peak of InN (0002) angle shifts to low angles, while the positions of the other two diffraction peaks from (0002) InGaN/GaN buffer layers and the (0006) sapphire substrate are preserved. This indicates that most of the implanted Ba ions are located in the topmost InN layer and many of the implanted larger Ba atoms are indeed on substitution In-site, forming In 1Àx Ba x N system. In our study, Ba atomic density in InN should have a depth distribution due to ion implantation technique. Therefore, if In is replaced by larger Ba as expected, the in-plane lattice constant should increase with film thickness in In 1Àx Ba x N. These arguments are verified by grazing incidence X-ray diffraction (GIXRD) study, which shows the variation of in-plane lattice parameter as a function of X-ray penetration depth. The peak position of (1000) reflection at different a i is measured to calculate the in-plane lattice parameter of Ba-implanted film. How to calculate the penetration depth of X-ray with the grazing incidence angle a i has been discussed in detail in Ref. 15 . The GIXRD pattern for sample B2 is shown in Fig. 1(b) . It is shown that with the increase of X-ray penetration depth, the position of In 1Àx Ba x N (1000) diffraction peak also shifts to lower angle, indicating an increasing in average in-plane lattice parameter from the film surface (see, Fig. 1 ). With respect to the as-grown B0, the in-plane lattice parameter a)
Author to whom correspondence should be addressed. Electronic mail: xswu@nju.edu.cn. increase by about 1.2% deep in the B2. This can be well understood from the viewpoint of more In atoms are replaced by larger radius Ba atoms with the increase of film thickness. Thus, based on the above analysis, we believe that Ba-doped InN system may exhibit the desired structure that could potentially display p-type conduction.
PL spectra measurements provide indirect evidence of p-type behavior in sample B2 ( Fig. 2(a) ). For the as-grown InN film, a well defined PL peak at about 0.8 eV can be observed corresponding to the InN band gap energy. 16 With an implanted Ba ion dose of 2.5 Â 10 14 ions/cm
À2
, the intensity of the PL peak decreases and a slight blue-shift related to the so-called Moss-Burstein effect has been recorded. However, for sample B2 with higher implantation dose, the luminescence disappears. The disappearance of luminescence provides indirect evidence that only when Ba ion doping concentration exceeds a threshold, can the sample become p-type material, just like that of Mg-doped InN. 17 Note that the surface of our films are n-type, which may result from N deficiency. So, there exists a depletion field between n-type surface and p-type bulk in B2. The corresponding strong electric filed would separate the photo-excited carriers and thus reduce the probability for the radiation transitions. While for B1, the Ba doping level is sharply decreased. The dose may be too low to compensate the high electron background. The dose threshold of Ba for the formation of embedded p-type layers should be in the range of 2.5 Â 10 14 to 1 Â 10 15 cm À2 under our implantation conditions. Even though room temperature Hall measurements indicate that the sample B2 is still n-type due to the surface electron accumulation layer, the p-type conduction may be probed by temperature-dependent Hall experiment. 11 When both types of carrier have contributions, the Hall coefficient in a sample can be written as
where p and n are the sheet concentration of the two types of charge carriers, l p and l n are the corresponding mobility of holes and electrons, respectively. For a typical n-type material, l n > l p leads to R H < 0 regardless of temperature. For a p-type material, the hole dominates the conduction at low temperatures usually below $80 K. 18 However, electron concentration will increase with temperature and it is possible for electron conduction to overcome hole conduction due to large electron-to-hole mobility ratio. Therefore, a turning point should be identified in p-type material with increasing temperatures. That is where the Hall coefficient changes its sign from the hole-dominated region to electron-dominated region. Based on this deduction, Ma et al. 11 have confirmed p-type conduction in Mg-doped InN by observing an anomalous Hall mobility kink. Figs. 2(b)  and 2(c) show the temperature-dependent of Hall mobility in B0 and B2. For B0, the Hall mobility decreases monotonically with increasing temperature, showing classical n-type behavior. However, the Hall mobility increases with increasing temperature after an apparent kink for B2, which is a clear evidence of p-type bulk conduction. The typical turning point in B2 but not in B0 or B1 indicates that only when the concentration of Ba reaches a threshold, can the InN exhibit buried p-type conduction. From the temperature dependent Hall measurement, we conclude that the structure of B2 can be viewed as a stack of n-type surface layer and p-type bulk layer. Compared with Ref. 11, the much depressed turning point temperature may originate from the lower hole concentration in our sample. Our experiments raise interesting question about the possibility that p-type conduction can be achieved in the bulk layer of Ba-implanted InN, with n-type conduction dominating the surface region. To confirm the experimental results, first-principles calculations within the local-density approximations (LDAs) framework using the Vienna Ab-initio simulation package (VASP) 19 have been used to study the electronic properties of Ba-doped InN.
A supercell containing eight bilayers of InN was built for calculations, and the 4d states of In are included as the valence electrons in the pseudopotentials. 20 To simulate n-type carries at the surface and p-type carriers in the bulk layer at the same time, we added an In adlayer onto the N surface, which creates n-type carriers in the surface region. The dangling bonds in the opposite In layer are saturated with pseudohydrogens to prevent unphysical charge transfer between the top and bottom slab surfaces. This is analogy to the situation on the previous theoretical study on Mg-doped InN. 6 A plane wave expansion with a cutoff of 395.7 eV was used for all calculations. The forces on each ion were relaxed to less than 0.02 eV/Å using a conjugate-gradient algorithm. The calculated InN lattice constant is 3.5220 Å using the LDA method, which is in better agreement with that of the experimental value of 3.5365 Å 21 than that by the generalizedgradient approximation (GGA) calculations. 13 While for p-type carriers, we substitute a Ba for one of the In atoms.
Seven different In atoms from the surface to the bulk are replaced by Ba to determine how the different carriers behave. In Fig. 3 , we only show typical charge densities for states in a slice of energy between E F and E F þ 0.67 eV in Ba dope InN when Ba is located in the first layer ( Fig. 3(a) ), third layer (Fig. 3(b) ), and fifth layer (Fig. 3(c) ), to compare the hole carrier density from the surface to bulk layers. The hole carrier densities (yellow area) are mainly on N atom in the lattice, with the shape characteristic of an N 2p orbital. Comparing the charge densities around Ba, it is found that when Ba moves from bulk to surface, the hole carrier density becomes smaller. This implies that holes are compensated by extra electrons of In adlayer as Ba approaches the surface. Therefore, the surface of Ba implanted InN show n-type conduction in experiment. So far, first-principles calculation illustrates well the above experimental arguments that p-type doping can be realized in the bulk layer while the surface remain the opposite type carriers for Ba ion implanted InN system.
In conclusion, we have carried out detailed studies to reveal the possibility of forming p-type InN with Ba doping. Using ion implantation, buried p-type conduction can be achieved in Ba-doped InN, as confirmed by photoluminescence spectroscopy and temperature-dependent Hall measurements. The good agreement between experimental results and first-principles calculations indicate that besides of the Mg doping, Ba is also a good candidate for achieving p-type conduction in InN. FIG. 3 . Charge densities for states in a slice of energy between E F and E F þ 0.67eV in Ba doped InN {0001} film. The location of Ba ions at (a) the top layer, (b) the third layer, and (c) the fifth layer are indicated. The small grey balls and the large pink balls represent N and In atoms, respectively. The saturation level of colors is specified according to the minimum and maximum hole charge densities.
